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Rigid Water Column Model for Simulating
the Emptying Process in a Pipeline
Using Pressurized Air
Oscar E. Coronado-Hernández1; Vicente S. Fuertes-Miquel2;
Pedro L. Iglesias-Rey3; and Francisco J. Martínez-Solano4
Abstract: This paper presents a mathematical model for analyzing the emptying process in a pipeline using pressurized air. The rigid water
column model (RWCM) is used to analyze the transient phenomena that occur during the emptying of the pipeline. The air-water interface is
also computed in the proposed model. The proposed model is applied along a 271.6-m-long PVC-steel pipeline with a 232-mm internal
diameter. The boundary conditions are given by a high-pressure air tank at the upstream end and a manual butterfly valve at the downstream
end. The solution was carried out in a computer modeling program. The results show that comparisons between both the computed and
measured water flow oscillations and gauge pressures are very similar; hence, the model can effectively simulate the transient flow in this
system. In addition, the results indicate that the proposed model can predict both the water flow and gauge pressure better than previous
models. DOI: 10.1061/(ASCE)HY.1943-7900.0001446. © 2018 American Society of Civil Engineers.
Author keywords: Air-water interface; Pipelines emptying; Pressurized air; Transient flow; Water distribution system.
Introduction
There have been many studies related to behavior during filling and
emptying maneuvers in a pipeline, which are typical procedures
that engineers have to face in water supply networks. They produce
transient phenomena that are complex to analyze considering the
particularities of pipeline installations and the nature of the process.
The filling procedure can cause pressure surges (Izquierdo et al.
1999); in contrast, the emptying procedure can generate drop in the
gauge pressure (Laanearu et al. 2012).
Filling and emptying processes can be analyzed using inertial
models: the elastic water model (EWM) and the rigid water column
model (RWCM). The EWM considers the elasticity of water and
the pipe, while the RWCM ignores them. The solution is obtained
using numerical methods (Zhou et al. 2011; Fuertes 2001).
Liou and Hunt (1996) developed a RWCM for analyzing the
filling process that only considers the evolution of the water col-
umn. Izquierdo et al. (1999) developed a RWCM that considers
not only the evolution of the water column but also the air-water
interface and the gravity term to represent the irregular profile in the
pipeline. Koppel et al. (2010) used the parametric perturbation
technique to simulate the filling process in a large-scale pipeline.
Zhou et al. (2013b) developed an EWM to analyze a rapid filling
process.
The emptying process is the reverse of the filling process in
pipelines; however, the emptying process in pipelines has not yet
been studied as comprehensively. These studies are very important
because pipelines must be emptied periodically. Laanearu et al.
(2012) carried out experiments on a PVC-steel pipeline with a
232-mm internal diameter and a 271.6-m length with the primary
objective of providing data for future validation. This installation
setup consisted of a constant-head water supply tower, a high-
pressure air tank, a 261-m-long horizontal PVC pipe, a 10.6-m-
long steel pipe (divided into a 6.1-m-long horizontal pipe and a
4.5-m-long vertical pipe), PVC and steel joints, steel inlet and
outlet parts, various types of valves along the PVC-steel pipeline,
and a free-surface basement reservoir. Hydraulic characteristics of
the experimental facility have been computed in previous works
(Hou et al. 2012; Laanearu and Van’t Westende 2010). Tijsseling
et al. (2016) and Laanearu et al. (2015) developed a RWCM
for analyzing the emptying process using pressurized air. A similar
experimental facility was developed by Karadžic´ et al. (2015).
In this paper, a mathematical model for the emptying procedure
in a pipeline using pressurized air is developed based on two physi-
cal equations. The first equation is the mass oscillation equation,
which provides sufficient accuracy for modeling this phenomenon
(Cabrera et al. 1992; Izquierdo et al. 1999; Liou and Hunt 1996).
The second equation is the air-water interface equation (Zhou et al.
2013a, b). The gravity term is added in this model to represent the
irregular profile of the pipeline. For validation, the data provided by
Laanearu et al. (2012) are used. Comparisons between both the
computed and measured water flow oscillations and gauge pres-
sures are conducted along the pipeline. In addition, comparisons
between the proposed model and previous models are conducted.
Finally, a sensitivity analysis of the height of the vertical pipe is
performed.
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Mathematical Model
Fig. 1 shows the scheme of the pipeline, which consists of a high-
pressure air tank, a length of the emptying column, a regulating
valve located at the downstream end, a horizontal pipe, and a
vertical pipe at the end.
Equations
The proposed model considers uniform movement within the water
column. The following assumptions are made:
• The water behavior is modeled using the rigid model approach;
• The air-water interface has a well-defined cross section; and
• Constant friction accounts for the friction losses.
Based on these assumptions, this problem is modeled using the
following equations:
• The mass oscillation equation for an emptying column (rigid
water column approach)
dv
dt
¼ p1
ρwLe
þ g hs
Le
− f vjvj
2D
− kðθÞ vjvj
2Le
ð1Þ
• The interface position of the emptying column
dLe
dt
¼ −v

Le ¼ Le0 −
Z
t
0
vdt

ð2Þ
where p1 = driving gauge pressure; Le = length of the emptying
column at time t; hs;0 = length of the vertical pipe; v = water
velocity; D = internal pipe diameter; kðθÞ = minor loss coeffi-
cient of the valve; f = pipe wall friction coefficient; g = gravity
acceleration; ρw = water density; Le0 = initial length of empty-
ing column at t ¼ 0; and hs = length of the emptying column at
vertical steel pipe.
In summary, a 2 × 2 system of differential equations [Eqs. (1)
and (2)] describes the whole system. Together with the correspond-
ing boundary and initial conditions, the system of equations can be
solved for the two unknowns: v and Le.
This process involves the development of a complex model.
The solution was calculated using Simulink in MATLAB.
Initial and Boundary Conditions
The system is assumed to be initially static at t ¼ 0. Therefore, the
initial conditions are described by vð0Þ ¼ 0, Leð0Þ ¼ Le0, and
hsð0Þ ¼ hs;0.
The boundary conditions are as follows:
1. The upstream boundary condition is the manometric pressure
(p1) given by the air tank.
2. The downstream boundary condition is the valve loss de-
scribed by kðθÞ. Water is free to discharge to the atmosphere
at patm ¼ 0.
Gravity Term
The gravity term (hs=Le) in Eq. (1) depends on the position of
the emptying column. For this case, there are two possibilities:
1. When the air-water front of the emptying column has not
reached the vertical pipe (Le ≥ hs;0)
hs
Le
¼ hs;0
Le
ð3Þ
2. When the air-water front of the emptying column has reached
the vertical pipe (Le < hs;0)
hs
Le
¼ 1 ð4Þ
If the configuration setup is different, then the gravity term will
be different.
Pressure Inside of Pipeline
The manometric pressure along the pipeline (at Point P) can be
computed as follows:
pP ¼ p1 − ρwLeP

f
2D
vjvj þ dv
dt

ð5Þ
where LeP = length of the emptying column until Point P at time t.
To calculate LeP, the following expressions can be used:
LeP ¼
(
LP − LT þ Le; LT − Le < LeP
0; LT − Le ≥ LeP
ð6Þ
where LT = pipe length.
Numerical Model Validation
The proposed model was applied to conditions based on experi-
ments conducted by Laanearu et al. (2012). Fig. 2 presents a
scheme of this installation. For this analysis, an average internal
diameter of 232 mm was used, as suggested by Tijsseling et al.
(2016), and therefore the viscosity and surface tension effects in the
water-air system are not significant (Laanearu et al. 2012; Liou and
Hunt 1996; Pothof and Clemens 2010).
The upstream boundary conditions for the nine runs were pro-
vided by the driving air-pressure head values that were based on
measurements made by Laanearu et al. (2012), as shown in Fig. 3.
The downstream boundary conditions were provided by both
the water freely discharged to the atmosphere (patm ¼ 0) and the
position of the manual butterfly valve. According to the experi-
ments of Laanearu et al. (2012), the calibrated minor-loss coeffi-
cients kðθÞ for the nine runs were 3.32, 3.50, 3.48, 3.64, 5.88,
21.24, 3.84, 6.14, and 22.68.
Fig. 1. Pressurized air in a water-emptying horizontal-vertical pipeline
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Proposed Model Verification
To validate the model, comparisons between both the computed
and measured water flow oscillation patterns and gauge pres-
sure patterns were conducted. A friction factor of f ¼ 0.0117
was selected considering a usual PVC pipe roughness size
(0.0034 mm) and a Reynolds number of 950,000 (Laanearu
et al. 2012).
The water flow was determined at the downstream end for the
nine runs by varying the opening of the manual butterfly valve.
Fig. 4 shows a comparison of the computed and measured water
flow oscillation patterns for Runs 1, 4, 5, and 9 at the installation.
The comparisons indicate that the water flow oscillations from the
model are similar to those of the experiments. Consequently, the
proposed model can effectively simulate the transient flow during
an emptying process using pressurized air in a pipeline. For all
runs, few results were affected by varying the opening of the
manual butterfly valve.
Table 1 compares all nine runs. For each run, the initial length
of the emptying column and the location of the air-water front were
considered. Comparisons were made between Sections 1 and 9
located at x ¼ 1.55 m and x ¼ 252.76 m, respectively. The pro-
posed model shows good overall agreement with the experimental
data for water velocities at Section 1 (v1) and Section 9 (v9).
Greater differences are presented in Section 1 for Runs 2 and 3 and
in Section 9 for Run 1. The model presents lower values of τ1–9 at
these conditions compared with the measured data.
For Run 4, the evolution of the gauge pressure along the PVC-
steel pipeline at Locations P3 (x ¼ 46.59 m), P5 (x ¼ 111.72 m),
P7 (x ¼ 183.72 m), and P8 (x ¼ 206.83 m) was determined. The
proposed model can also approximately reproduce the experimen-
tal gauge pressure along the PVC-steel pipeline during the tran-
sient phenomenon for Run 4 (Fig. 5). At Locations P3, P5, P7,
and P8, the model excels at predicting the water flow along the
PVC-steel pipeline. In all measurements, during the first 15 s,
(a)
(b)
Fig. 2. PVC-steel pipeline and instrumentation: (a) plan view; (b) profile view along the axis of the pipeline
Fig. 3. Gauge pressure supplied by the air tank during the transient
stage (data from Laanearu et al. 2012)
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transient oscillations were observed by the gauge pressure read-
ings due to opening the manual butterfly valve. To calculate these
oscillations, the opening curve of the ball valve is required. At
Locations P3 and P5, the proposed model can properly reproduce
the measurements after the oscillations have finished. At Loca-
tions P7 and P8, the model can predict the maximum value of the
gauge pressure after 1.7 and 2.2 s, respectively. The proposed
model can successfully predict the peak pressure, which is very
important for ensuring the safety of the pipeline.
Comparisons with a Previous Model
Tijsseling et al. (2016) developed a model to simulate the emptying
process in a pipeline using pressurized air based on the experiments
conducted by Laanearu et al. (2012). This model assumed that the
velocity of the water column was not uniform because the move-
ments of the front and tail ends were different. As a consequence,
the water column is modeled as slug flow, whereas the tail leakage
is modeled by introducing a holdup coefficient that relates the ratio
between the quantity of the volume occupied by water and air. This
model is solved using an analytical solution (Tijsseling et al. 2016).
In this section, a comparison is presented between the proposed
model and Tijsseling’s model. All the parameters and conditions in
the proposed model and the Tijsseling’s model were identical.
Fig. 6 presents a comparison of the water flow oscillation for
Runs 2 and 6 between the results obtained by the proposed model
and Tijsseling’s model. In all cases, the proposed model can repro-
duce the water flow oscillations better than Tijsseling’s model.
Fig. 6(b) shows that the model developed by Tijsseling et al. (2016)
cannot adequately reproduce Run 6 because the water flow oscil-
lation is too low. One explanation could be that the calibration of
the holdup coefficient is not appropriate for modeling this run.
Fig. 7 shows a comparison of the gauge pressure along
the pipeline for Run 4 at Locations P1 (x ¼ 1.55 m) and P9
(x ¼ 252.76 m). For locations along of the pipe far from the origin
coordinate, Tijsseling’s model cannot adequately reproduce the
(a) (b)
(c) (d)
Fig. 4. Comparisons between the calculated and measured water flow oscillation patterns: (a) Run 1; (b) Run 4; (c) Run 5; (d) Run 9
Table 1. Comparison between Computed and Measured Water Velocities and Time When the Air-Water Front Passes by Sections 1 and 9
Run
number kðθÞ
xi;0
a
(m)
Le0
b
(m)
Measured
v1 (m=s)
Calculatedc
v1 (m=s)
Measured
v9 (m=s)
Calculatedc
v9 (m=s)
Measured
τ1–9 (s)
Calculatedc
τ1–9 (s)
1 3.32 −16.2 287.8 4.18 4.28 7.90 9.13 37 40
2 3.50 −20.8 292.4 2.83 4.03 7.04 7.98 45 46
3 3.48 −20.7 292.3 2.29 3.46 6.20 6.85 51 53
4 3.64 −14.7 286.3 4.20 4.17 8.13 8.84 36 41
5 5.88 −14.7 286.3 4.07 4.07 6.91 7.34 40 45
6 21.24 −13.1 284.7 3.43 3.39 4.16 4.16 54 65
7 3.84 −12.9 284.5 3.20 3.11 6.38 6.59 46 54
8 6.14 −13.8 285.4 3.09 3.07 5.42 5.53 50 59
9 22.68 −15.8 287.4 2.55 2.63 3.09 3.04 69 83
Note: Le0 = initial length of the emptying column; v1 and v9 = outflow velocities when the air-water front passes by Sections 1 and 9, respectively; xi;0 = initial
air-water front coordinate; τ1–9 = time between Sections 1 and 9.
aData measured by Laanearu et al. (2012).
bData computed at xi;0 þ 271.6 m.
cData computed by the current model.
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(a) (b)
(c) (d)
Fig. 5. Comparisons between the calculated and measured gauge pressure oscillation patterns for Run 4: (a) Transducer 3, located at x ¼ 46.59 m;
(b) Transducer 5, located at x ¼ 111.72 m; (c) Transducer 7, located at x ¼ 183.72 m; (d) Transducer 8, located at x ¼ 206.83 m
(a) (b)
Fig. 6. Comparison of the water flow oscillation pattern: (a) Run 2; (b) Run 6
(a) (b)
Fig. 7. Comparison of the gauge pressures along the pipeline for Run 4: (a) Transducer 1, located at x ¼ 1.55 m; (b) Transducer 9, located at
x ¼ 252.76 m
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pressure pattern. Again, the proposed model can better predict the
gauge pressure oscillations than the model developed by Tijsseling
et al. (2016).
Influence of the Length of the Steel Pipe
It is important to consider the considerable influence of the length
of the steel vertical pipe (hs;0) on the emptying process; therefore,
values of 1.0, 2.0, 4.5, 7.0, and 10.0 m were considered to deter-
mine the water flow and the gauge pressure variations (Fig. 8). The
pipe length (LT) remained constant in all cases.
Fig. 8(a) presents the influence of the vertical steel pipe length
on the water flow. The longer the length of the vertical pipe (hs;0),
the faster the draining process occurs because the gravity term is
increased. In this case, the emptying times range between 56.3 and
44.3 s. In addition, the higher the length of vertical pipe, the higher
the water flows during the transient stage; the maximum values are
between 0.37 and 0.46 m3=s. At the end of the transient stage, the
water flow has a rapidly decreasing linear profile inside the vertical
pipe. When hs;0 ¼ 0, the installation does not have this tendency.
Fig. 8(b) shows the influence of the length of the vertical steel
pipe on the gauge pressure at Transducer P7. The maximum gauge
pressures increase with increasing length of the vertical pipe steel
along the pipeline, with gauge pressure values between 149 and
159 kPa (1.49 and 1.59 barg). In addition, higher vertical steel pipe
lengths cause higher minimum gauge pressures along the pipeline,
which occur at the beginning of the transient stage. At Transducer
P7, the highest minimum gauge pressure is −3 kPa (−0.03 barg).
The minimum gauge pressure occurs at the upstream end. The
minimum and maximum gauge pressures occur simultaneously
during the transient stage. When the air-water front reaches a par-
ticular point during the transient stage, the gauge pressure is the
driving gauge pressure.
Conclusions
A mathematical model for accurately determining the emptying
operation in a pipeline using pressurized air was developed in this
paper. It can be used for several pipeline configurations by chang-
ing only the gravity term.
The mathematical model was validated using data recorded by
Laanearu et al. (2012) for a PVC-steel pipeline that was 271.6 m
long with a 232-mm internal diameter. The model effectively simu-
lated measurements of the transient water flow and gauge pressure
along the pipeline for nine runs.
The results indicate that the proposed model for analyzing the
emptying process can better predict both the water flow and gauge
pressure along a pipeline than previous models.
The length of the vertical pipe significantly influences the
results. The time for drainage decreases as the vertical steel pipe
length increases, possibly because the water flow increases.
However, it should be considered that the maximum and mini-
mum gauge pressures will also increase, putting the system at
risk. Considering this, it is recommended to select a suitable length
for the vertical steel pipe to reduce the probability of system
failure.
Real systems will present greater challenges, for instance, pipe-
lines with irregular profile having high points that require the
operation of vacuum valves.
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Notation
The following symbols are used in this paper:
D = internal pipe diameter (m);
f = pipe wall friction coefficient;
g = gravity acceleration (m=s2);
hs = length of the emptying column at the vertical pipe (m);
hs;0 = height of the vertical pipe (m);
kðθÞ = minor-loss coefficient;
Le = length of the emptying column (m);
Le0 = initial length of the emptying column (m);
LeP = length of the emptying column until Point P (m);
LT = pipe length (m);
p1 = driving gauge pressure (Pa);
patm = atmospheric pressure (Pa);
pP = gauge pressure at Point P (Pa);
t = time (s);
v = water velocity (m=s);
x = axial coordinate (m);
xi;0 = initial air-water front coordinate (m); and
ρw = water density (kg=m3).
(a) (b)
Fig. 8. Effects of the length of the vertical steel pipe: (a) water flow; (b) gauge pressure at Transducer 7, located at x ¼ 183.72 m
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